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Abstract 

Background: Many microalgae accumulate carbohydrates simultaneously with triacylglycerol (TAG) upon nitrogen 
starvation, and these products compete for photosynthetic products and metabolites from the central carbon 
metabolism. As shown for starchless mutants of the non-oleaginous model alga Chlamydomonas reinhardtii, 
reduced carbohydrate synthesis can enhance TAG production. However, these mutants still have a lower TAG 
productivity than wild-type oleaginous microalgae. Recently, several starchless mutants of the oleaginous microalga 
Scenedesmus obliquus were obtained which showed improved TAG content and productivity. 

Results: The most promising mutant, slml, is compared in detail to wild-type S. obliquus in controlled photobioreactors. 
In the slml mutant, the maximum TAG content increased to 57 + 0.2% of dry weight versus 45 + 1% in the wild type. 
In the wild type, TAG and starch were accumulated simultaneously during initial nitrogen starvation, and starch was 
subsequently degraded and likely converted into TAG. The starchless mutant did not produce starch and the liberated 
photosynthetic capacity was directed towards TAG synthesis. This increased the maximum yield of TAG on light by 
51%, from 0.1 44 + 0.004 in the wild type to 0.217 + 0.01 1 g TAG/mol photon in the slml mutant. No differences in 
photosynthetic efficiency between the slml mutant and the wild type were observed, indicating that the mutation 
specifically altered carbon partitioning while leaving the photosynthetic capacity unaffected. 

Conclusions: The yield of TAG on light can be improved by 51% by using the slml starchless mutant of 5. obliquus, 
and a similar improvement seems realistic for the areal productivity in outdoor cultivation. The photosynthetic 
performance is not negatively affected in the slml and the main difference with the wild type is an improved carbon 
partitioning towards TAG. 
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Background 

Microalgae are well known for their ability to produce 
large quantities of triacylglycerol (TAG), which can be 
used as a resource for food, feed, and fuel production 
[1,2]. Microalgae-derived TAGs can be competitive to 
oils derived from terrestrial plants due to the higher areal 
productivities of microalgae and because no arable land is 
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required for their cultivation [2]. However, the economic 
costs and carbon footprint of photobioreactors make it 
necessary to improve the areal TAG productivity even 
further [3,4]. 

The dogma on the physiological role of TAG synthesis 
is that TAG serves as a compact energy and carbon storage 
pool when formation of functional biomass is impaired. 
Furthermore, TAG can serve as an electron sink under 
unfavorable conditions for growth. An electron sink under 
these conditions prevents the buildup of photosyn- 
thetic products which would otherwise have resulted in 
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over-reduction of the electron transport chains. Such 
over-reduction can result in the transfer of electrons to 
0 2 , which results in the formation of reactive oxygen spe- 
cies (ROSs), such as H2O2, or superoxide [5], These ROSs 
can cause damage to the cell. Production of TAG can thus 
protect the cell against the damage induced by adverse 
growth conditions [6]. This is reflected by the fact that 
under nutrient replete conditions only trace amounts of 
TAG are produced. However, as a response to nitrogen 
starvation, TAG can be accumulated to over 40% of dry 
weight by many oleaginous microalgae species [6-8]. 

Although nitrogen starvation reduces photosynthetic 
efficiency [9], photosynthesis and carbon assimilation con- 
tinue for a certain period when the microalgae are exposed 
to nitrogen depleted conditions [10]. This is supported by 
the observation of an up to eightfold increase in biomass 
dry weight concentration after nitrogen depletion in some 
species [7]. This increase in biomass can be explained 
by de novo production of nitrogen-free storage molecules 
such as TAG and carbohydrates. Even in the most oleagin- 
ous species, the increase in dry weight cannot solely be ex- 
plained by the observed TAG production [7] . Other storage 
components such as starch are simultaneously accumulated 
and can easily account for over 40% of the newly produced 
biomass [7,11-13]. Diverting this large carbon flow away 
from carbohydrates towards TAG could substantially 
enhance TAG productivity [14]. 

The partitioning of assimilated carbon between TAG 
and carbohydrates during nitrogen starvation is a com- 
plex and highly regulated process as indicated by the 
activity of transcription factors and the observed changes 
in transcriptome and proteome during nutrient starvation 
[15-18]. In addition, it is often proposed that the pro- 
duction rates of TAG and storage carbohydrates are in- 
fluenced by competition for common precursors, that 
is, intermediates of the central carbon metabolism such as 
glyceraldehyde-3-phosphate (GAP) or acetyl coenzyme A 
(acetyl-CoA) [19,20]. Modifying the activity of either path- 
way using strain improvement techniques could therefore 
potentially affect the carbon partitioning between TAG 
and storage carbohydrates [14]. One commonly attempted 
strategy to accomplish this is to over-express reactions in 
the TAG synthesis pathway, such as the initial step in fatty 
acid synthesis catalyzed by acetyl-CoA carboxylase [21] or 
the acyl transfer step catalyzed by diacylglycerol acyltrans- 
ferase (DGAT) [22]. However, attempts to improve TAG 
production by increasing the expression of genes involved 
in the TAG biosynthesis pathway have been mostly unsuc- 
cessful, as reviewed by Li et al. [23] . 

Another commonly employed strategy is to down-regulate 
or inhibit the competing carbohydrate (for example starch) 
synthesis. Several successful attempts have been made 
to enhance TAG production by reducing or eliminating 
starch synthesis [14,23-26]. For example, Li et al. [23] 



observed an eightfold increase in TAG content (reaching 
a TAG content of 32.6% of dry weight) under mixotrophic 
conditions, and Li et al. [14] observed a fourfold increase 
in volumetric TAG productivity under photoautotrophic 
conditions, both using the starchless BAFJ5 mutant of 
Chlamydomonas reinhardtii. 

Although cellular TAG contents are generally enhanced 
in starchless or impaired mutants, the overall TAG prod- 
uctivity of such mutant cultures is not always improved. 
This is because their biomass productivity under nitrogen 
starvation conditions is often largely reduced or even 
completely impaired compared to their wild-type strains 
[23]. This reduction in biomass productivity is often poorly 
characterized with the focus only directed at the TAG con- 
tent, making conclusive evaluations of the mutant perform- 
ance difficult. The decrease in biomass productivity could, 
among other possible explanations, be a result of additional 
mutations in, for example, the photosynthetic machin- 
ery [24] or of insufficient capacity to channel all excess 
photosynthate towards TAG. Especially in the latter case, 
the impact of starch deficiency on oleaginous microal- 
gae might be fundamentally different from that on non- 
oleaginous microalgae. Namely, a starchless oleaginous 
microalga might be able to redirect most of the light energy 
that would otherwise have been used for starch synthesis 
towards TAG, whereas a non-oleaginous microalga might 
be unable to utilize this light energy. For a non-oleaginous 
microalga, this could thus lead to a quick buildup of 
photosynthetic products, which in turn could result in 
over-reduction of the photosynthetic machinery and 
the formation of harmful ROSs [5], This might occur 
at a lower rate in starchless oleaginous microalgae that 
are able to channel most excess photosynthate towards 
TAG synthesis. 

Most previous work on starchless mutants is performed 
in the non-oleaginous model alga C. reinhardtii and shows 
that the use of starchless mutants can be a feasible strat- 
egy to enhance TAG production. However, even these 
starchless mutants underachieve in TAG production 
compared to good-performing wild-type oleaginous 
microalgae. The TAG contents of these C. reinhardtii 
mutants are at best comparable to those of oleaginous 
microalgae [7,14,23]. In addition, upon nitrogen star- 
vation their biomass productivity decreases to a much 
bigger extent than that of wild-type oleaginous microalgae 
[7,23]. Therefore, it is important to study the effect of 
disabling starch formation on TAG production in good- 
performing oleaginous microalgae. 

In previous research, Scenedesmus obliquus (recently sug- 
gested to be reclassified to Acutodesmus obliquus [27]) was 
identified as a very promising microalga to produce TAG 
[7,8], and recently several starchless mutants of S. obliquus 
were obtained [28]. In shake flask studies, the slml mutant 
showed both an enhanced TAG content during initial 
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nitrogen starvation and a biomass productivity comparable 
to that of the wild type, resulting in a net increase in volu- 
metric TAG productivity [28]. In this work, a more detailed 
and quantitative comparison, performed in controlled 
photobioreactors, of the S. obliquus wild type and this 
starchless mutant is presented. 

Results and discussion 

TAG and starch accumulation 

For both the wild-type (wt) S. obliquus (UTEX 393) and a 
starchless mutant (slml) of S. obliquus [28], duplicate ni- 
trogen run-out experiments were performed to investigate 
the difference in carbon partitioning between the wt and 



the slml under nitrogen depleted conditions (Figure 1). 
Reactors were inoculated at 50 mg DW/1 and cultivated at 
an incident light intensity of 100 umol m' 2 s" 1 until the 
biomass concentration was 0.3-1 g DW/1, after which the 
incident light intensity was increased to 500 umol m 2 s" . 
The moment of inoculation is considered as t = 0. 

Nitrogen was depleted from the culture medium at a 
biomass concentration of approximately 1.5-2 g/1 and 
occurred 70 to 100 h after inoculation (Figure 1). After 
nitrogen was depleted, carbon assimilation and biomass 
formation continued, mainly as a result of accumulation of 
TAG (both the wt and the slml) and starch (the wt only), 
which is consistent with previous observations [7,28,29]. 
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Figure 1 Duplicate batch nitrogen run-out cultivations of the wt and the slml S. obliquus. Left (A, C): wild-type. Right (B, D): slml. Top 
(A, B): biomass concentration (g DW/i) and dissolved N0 3 -N concentration. Bottom (C, D): total fatty acid (TFA), TAG, and starch content. As 
indicated in the legend boxes in the figure, in the top figure, the black symbols represent the dry weight concentration and the open symbols 
represent the NGyN concentration. In the bottom figures, the open symbols represent the total fatty acid content (TFA), the gray symbols 
represent the TAG content, and the black symbols represent the starch content. The results indicated with #1 and #2 in the figure legend represent 
the replicate cultivations. 
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The wt increased more rapidly in biomass concentra- 
tion than the slml during initial nitrogen starvation and 
also achieved a higher maximum biomass concentration 
(Figure 1A,B). 

In the wt cultivation, starch and TAG were accumu- 
lated simultaneously after nitrogen was depleted. Initially 
starch was produced at a much higher rate than TAG 
(Figure 1C), but when nitrogen starvation progressed starch 
synthesis stopped. Starch reached a maximum content of 
38 ± 2% (average of duplicate cultivations ± deviation of 
duplicates from average) of dry weight after 168 ± 2 h and 
a maximum concentration of 3.6 ± 0.2 g/1 after 223 ± 10 h. 
Subsequently starch was degraded. The starch concen- 
tration at the end of the cultivation decreased to 0.5 g/1 



(6% of dry weight). During this period TAG synthesis 
continued, and the TAG content reached a maximum of 
45 ± 1% of dry weight (4.5 ± 0.1 g/1) (Figure 1C; Figure 2A). 
The simultaneous degradation of starch and production of 
TAG in the wt could indicate that degradation products of 
starch are used for the synthesis of TAG. This interconver- 
sion has also been suggested previously for Pseudochloro- 
coccum sp. [11], C. reinhardtii [19], Coccomyxa sp. [19], 
and Chlorella zofingiensis (also known as Chromochloris 
zofingiensis) [13], as well as for conversion of chrysolami- 
narin into TAG in the diatom Cyclotella cryptica [30] . 

In the slml, the production of starch is negligible. 
As a result, the TAG content increases more rapidly in 
the slml than in the wt during initial nitrogen starvation; 
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Figure 2 TAG concentration (A), time-averaged yield of TAG on photons (B), and time-averaged volumetric TAG productivity (C). Open 
symbols: wt. Gray symbols: slml. The time-averaged yield and volumetric productivity are calculated over the period between inoculation and 
each time point. The results indicated with #1 and #2 in the figure legend represent the replicate cultivations. 
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the TAG content in the slml reached a maximum of 
57 ± 0.2% of dry weight (5.2 ± 0.2 g/1) after 433 ± 70 h 
(Figure 1C,D; Figure 2A). 

In neither the wt nor the slml can the combined accu- 
mulation of starch and TAG completely account for the 
increase in dry weight after nitrogen depletion. This dif- 
ference between the measured biomass constituents and 
dry weight concentration is relatively constant and ac- 
counts for approximately 20 to 30% of dry weight during 
the entire cultivation for both the wt and the slml. Pro- 
teins are most likely not part of this residual biomass as 
no nitrogen source is available for protein synthesis; also 
protein synthesis out of non-protein nitrogen present in 
the biomass can only contribute very little, because this 
fraction of non-protein nitrogen in the biomass is very 
small [31]. It is likely that the cell wall will account for a 
substantial part of this residual biomass. Although little 
is known about the cell wall composition of 5. obliquus 
and other microalgae, it is hypothesized that this residual 
biomass consists largely of carbohydrates (other than 
starch) such as cellulose, which is known to be a major 
constituent of the cell wall of S. obliquus and other micro- 
algae [32,33]. 

Yields, productivity, and implications for 
large-scale production 

Using the measured TAG concentration at each time point 
(Figure 2A) and the amount of light supplied specific to the 
reactor volume (calculated as the incident light intensity 
multiplied by the area-to-volume ratio of the reactor), 
the time-averaged yield of TAG on photons was calculated 
for each time point (the yield of TAG on light achieved 
over the period between inoculation and each time point) 
(Figure 2B). Because almost no TAG is produced during 
nitrogen replete conditions, this yield of TAG on light is 
very low during the initial part of the cultivation. After 
nitrogen depletion, the time-averaged yield increases to 
a maximum of 0.217 ± 0.011 and 0.144 ± 0.004 g TAG/ 
mol photon for the slml and wt, respectively (Figure 2B). 
This illustrates that the slml can achieve a 51% higher 
time-averaged yield of TAG on light than the wt. Similarly, 
the maximum volumetric productivity, calculated between 
inoculation and each time point, was enhanced in the 
slml by 35% compared to the wt and increased from a 
maximum of 0.265 ± 0.004 in the wt to a maximum of 
0.359 ± 0.008 g TAG T 1 day 1 in the slml (Figure 2C). 
During the period that these maxima in yield and volu- 
metric productivity were maintained, the TAG content 
increased to over 40% of dry weight for both the wt 
and the slml (Figure 1C,D; Figure 2B,C). 

After these maxima in yield and volumetric prod- 
uctivity were achieved, the difference in performance 
of the wt and the slml became smaller when the cultiva- 
tion progressed. This can be explained by the degradation 



of starch in the wt and possible interconversion into 
TAG. This could enhance the TAG contents in the 
wt at the end of the cultivation, resulting in a smaller 
difference between the slml and wt at the end of the 
cultivation. 

Due to the different behavior of the wt and slml, there 
is a difference in the biomass concentration in the wt 
and slml cultivation (Figure 1). This did not result in a 
difference in light absorption rates between the wt and 
slml, because nearly all light was absorbed in all cultures; 
therefore, a difference in the biomass concentration or 
pigmentation will only result in a difference in the light 
gradient in the photobioreactor. Furthermore, because all 
cultures were provided with the same amount of NO3, the 
amount of light absorbed per N-mol and per amount of 
catalytic biomass (assuming that the amount of catalytic 
biomass is proportional to the amount of nitrogen) is 
exactly the same. 

When algae are cultivated using sunlight, the amount 
of light that can be provided to the photobioreactor is 
limited to the insolation to that area. The maximum areal 
productivity is therefore directly proportional to the yield 
on light that can be achieved. Maximizing this yield of 
TAG on light can therefore contribute to improving 
the areal productivity of microalgal TAG production. 
The time point where the highest time-averaged yield 
of TAG on light is achieved is therefore proposed as 
the optimum time point to harvest the culture. Previ- 
ously it has been shown that this yield can be enhanced 
by improving the photobioreactor design [2,34] as well as 
optimizing cultivation conditions [29]. In this work it is 
shown that this yield on light can be improved by 51% by 
using a starchless mutant, and a similar improvement 
seems realistic for the areal productivity in outdoor culti- 
vation. It should be noted that at the moment this 
maximum was reached, the TAG content was over 40% of 
the dry weight. 

In this work, all cultivations were performed using 
continuous illumination. However, during day-night cycles 
starch contents in microalgae oscillate, and starch can 
likely provide energy for nocturnal respiration [35,36]. 
This might complicate cultivation of starchless mutants in 
day-night cycles. In higher plants such as Arabidopsis 
thaliana it is indeed reported that starchless mutants show 
decreased growth rates and decreased net photosynthesis 
rates when grown under day-night cycles, whereas these 
are indistinguishable from their wild types during con- 
tinuous illumination [37,38]. The slml mutant, however, 
does not show decreased growth under day-night cycles 
under nitrogen replete conditions, and possibly the role 
of starch can be taken over by other storage metabolites 
[28]. Further investigation of the behavior of slml under 
day-night cycles and nitrogen depleted conditions would 
be of future interest. 
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Photosynthetic energy distribution in the wt compared to 
the slm1 

The biomass productivity was lower in the slml than in 
the wt during the initial period of nitrogen starvation. 
Because exactly the same amount of light was supplied, 
this might at first suggest a reduced photosynthetic effi- 
ciency in the slml. However, lipids (for example, TAG) 
are much more energy dense than carbohydrates (37.6 kj/g 
for lipids compared to 15.7 kj/g for carbohydrates [39]). 
The difference in metabolic costs required to produce TAG 
and starch can completely explain the observed difference 
in biomass productivity. To illustrate this, we compare the 
photosynthetic requirement for the observed biomass 
production after nitrogen depletion in the wt and the 
slml. To calculate this photosynthetic requirement, it is 
assumed that after nitrogen depletion only TAG, starch, 
and other carbohydrates (such as cell wall cellulose) are 
produced. The TAG and starch concentration are measured 
at each time point (Figure 1), and it is assumed that the 
remaining newly produced biomass consists of other carbo- 
hydrates (calculated as the amount of dry weight produced 
minus the amounts of TAG and starch produced). The 
photosynthetic requirement to produce the biomass 
that is made between nitrogen depletion and time 
point t can then be calculated by summing the quo- 
tients of the measured concentration of each biomass 
constituent at time point t and the photosynthetic 
yield of that biomass constituent (Eq. 1): 



Photosynthetic requirement(t) 

_ CjAG(t) C sta rch(t) Carbohydrate (t) 



Ytag 



light 



Ystarclv 



light 



t carbohydrate. light 



(1) 



In Eq. 1, Ci(t) represents the concentration of component 
i (g/1) at time point t and Y llight represents the photosyn- 
thetic yield of component i (g product/ mol photon). These 
photosynthetic yields are estimated to be 1.02 g TAG/mol 
photon, 3.24 g starch/mol photon, and 3.24 g carbohydrate/ 
mol photon (see Appendix A). 

Using this calculation, it appears that although the 
slml has a lower biomass productivity, the minimum 
photosynthetic requirement to produce that biomass is 
similar (Figure 3). This indicates that the slml does not 
have a reduced photosynthetic efficiency, but only seems 
to differ from the wt in terms of carbon partitioning. 

In the wt, the calculated photosynthetic requirement also 
increases at the end of the cultivation, where no substan- 
tial increase in dry weight concentration is observed. 
This can be explained by an increase in energy density 
of the biomass due to a change in biomass compos- 
ition (increase in TAG and decrease in starch content). 
This requires additional energy, which is provided by 
photosynthesis. 
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produce the observed biomass after nitrogen is depleted. Open 
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#2 in the figure legend represent the replicate cultivations. 



In these calculations it was assumed that the residual 
biomass (difference between the produced dry weight 
and the measured amounts of TAG and starch) consists in 
large part of cell wall material that is made of carbohydrates 
such as cellulose [33]. If this were a different biomass 
constituent with a different photosynthetic yield than 
carbohydrates, it would affect the calculated photosyn- 
thetic requirement. However, the estimated amount of 
this remaining fraction is similar in the wt and the slml. 
Therefore, this will not result in a biased comparison. 

It is observed in the wt that starch is first produced 
and subsequently degraded (Figure 1). This turnover is 
not taken into account in these calculations. However, 
the turnover of starch (synthesis of starch out of GAP and 
subsequent degradation of starch into GAP) only costs 1 
ATP per glucose monomer and would only result in a 
minor change in the calculated photosynthetic requirement. 

Photosynthesis 

The pigmentation of the cell determines the amount of 
light that can be absorbed and ultimately be used for 
photosynthesis. The absorbance cross section of the bio- 
mass was measured and used as a proxy for the pigmenta- 
tion. An up to eightfold decrease in the biomass specific 
absorbance cross section (m 2 /g DW) was observed at the 
end of the cultivation compared to the point before nitro- 
gen depletion in both the wt and the slml (Figure 4B). A 
decrease in pigmentation during nitrogen starvation is 
commonly observed in microalgae [40]. The volumetric 
absorbance cross section (m 2 /l), however, remained more 
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or less constant throughout the entire experiment. This 
suggests that the decrease in biomass specific absorbance 
cross section is mainly a result of dilution of pigments 
over newly formed biomass and is likely caused to a lesser 
extent by net degradation of pigments. 

In addition to a change in absorbance cross section, 
the absorbance spectrum, and thus the pigment class 
composition, changed drastically (Figure 4C). Photo- 
protective pigments (carotenoids) can be produced in 
response to physiological stress to prevent photo- 
oxidative damage [40,41]. The ratio of chlorophyll over 



carotenoids decreased during nitrogen starvation as is 
apparent from the increase in absorbance at 483 nm (the 
observed absorbance maximum of carotenoids) relative 
to the absorbance at 680 nm (the observed absorbance 
maximum of chlorophyll) (Figure 4D). The decrease in 
absorbance cross section between the slml and wt was 
similar, but the slml showed a higher ratio of absorbance 
at 483 nm/680 nm as the nitrogen starvation progressed. 
This suggests that the slml has relatively more caroten- 
oids than the wt. This difference between the slml and 
wt became more apparent when nitrogen starvation 
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progressed (Figure 4D). These observations suggest 
that a progressively smaller fraction of the absorbed 
light is available for photosynthesis when nitrogen star- 
vation progresses due to an increased carotenoid/ 
chlorophyll ratio. 

The variable fluorescence/maximum fluorescence ratio 
(Fv/Fm) was measured and can be used as a proxy for 
the intrinsic (or maximum) PSII quantum yield [10,23]. 
Although it does not directly reflect the photosynthetic 
efficiency achieved in the photobioreactor, it is often used 
as a diagnostic value for the photosynthetic performance 
[42]. Immediately after inoculation, the Fv/Fm ratio started 
substantially below the maximum value that was observed 
(Figure 4A). This could possibly be due to a shock in 
biomass concentration and light intensity as a result of 
inoculation. During the nitrogen replete growth phase, 
the Fv/Fm ratio increased gradually to a maximum of 
0.78, which is consistent with maximum values observed in 
other studies [23]. Once nitrogen was depleted, the Fv/Fm 
ratio gradually decreased, as is commonly observed [10,23]. 
This could be an indication of increased damage to the 
photosystems. Fv/Fm ratios in the slml are comparable to 
or even slightly higher than the Fv/Fm ratios in the wt. This 
is consistent with the observation presented in Figure 3, 
that the photosynthetic performance is not negatively 
affected in the slml and that the main difference with 
the wt is an improved carbon partitioning towards 
TAG in the slml. 

Conclusions 

The maximum TAG content increased from 45 ± 1% in 
wild-type to 57 ± 0.2% of dry weight in starchless S. obliquus 
(slml). The slml had a lower biomass productivity, which 
can completely be explained by the higher energy re- 
quirement to produce TAG compared to starch. The 
maximum yield of TAG on light in the mutant increased 
from 0.144 ± 0.004 to 0.217 ± 0.011 g TAG/mol photon, 
and a 51% improvement in areal TAG productivity there- 
fore seems realistic for outdoor cultivation. This work 
highlights the potential of improved carbon partitioning 
using a starchless mutant to increase TAG productivity 
in oleaginous microalgae. 

Methods 

Strains, pre-culture conditions, and cultivation medium 

Wild-type (wt) S. obliquus UTEX 393 (recently suggested 
to be reclassified to Acutodesmus obliquus [27]) was 
obtained from the University of Texas Culture collection of 
algae (UTEX). The starchless mutant (slml) was obtained 
using UV radiation-induced random mutagenesis on the 
wild-type strain of S. obliquus [28]. The culture medium 
was similar to that described by Breuer et al. [29] with the 
exception that all vitamins were omitted from the cul- 
ture medium. The culture medium was autotrophic 



and contained 10 mM KNO3 as the limiting nutrient. 
All other required nutrients were present in excess. 
Pre-cultures were maintained in 16:8 h light:dark cycles 
as described by Breuer et al. [7]. Both the wt and the 
slml were able to continue growing after multiple serial 
dilutions while being cultivated autotrophically under 
these day-night cycles (16:8 light:dark). 

Experimental conditions 

Batch cultivations were performed in flat-panel airlift- 
loop photobioreactors with a working volume of 1.7 1 
(Labfors 5 Lux, Infors HT, Switzerland). The reactor 
design is similar to that described by Klok et al. [9]. 
The reactors were sparged with air containing 2% C0 2 
at 1 1/min. The reactors were continuously illuminated 
(24 h/day) using LED lamps with a warm white spectrum 
located on the culture side of the reactor. The incident 
light intensity was calibrated by measuring the average 
light intensity on the culture side of the front glass plate. 
The light path (reactor depth) was 2 cm. The temperature 
was controlled at 27.5°C and the pH was controlled at 
pH 7 using automatic addition of 1 M HC1. These values 
for pH and temperature were found to be optimal for both 
growth and TAG accumulation in S. obliquus in previous 
research [29]. A few milliliters of a 1% Antifoam B solu- 
tion (J. T. Baker) were added manually when excessive 
foaming was visible. Prior to inoculation, reactors were 
heat-sterilized and subsequently filled with 0.2 urn filter- 
sterilized medium. Reactors were inoculated at 50 mg 
algae dry matter/1 and grown at an incident light intensity 
of 100 umol nT 2 s' 1 until the biomass density reached 0.3 
to 1 g dry weight (DW)/1 (typically after 48 h). At this 
point the incident light intensity was increased to 
500 umol m 2 s~ . Periodically, samples were taken aseptic- 
ally and analyzed for dry weight concentration, biomass 
composition, residual dissolved nitrate, Fv/Fm ratio, 
absorbance spectrum, and absorbance cross section. 
After nitrogen was depleted, more than 95% of the in- 
cident light was absorbed. Therefore, for simplicity, in 
the calculations it is assumed that the absorbed light is 
identical to the incident light intensity. 

Although a condenser was installed at the gas exhaust 
of the reactor, water losses were present due to evapor- 
ation. Evaporation was quantified in a separate reactor 
that was filled with water and operated under the same 
conditions as during cultivation. The evaporation rate 
was 0.9 ml/h. Evaporation results in concentration of the 
biomass, which thus has an effect on the measured dry 
weight concentration. The measured biomass composition 
is unaffected. The biomass concentration was corrected 
for evaporation using C XyCorrected = C xfiherved v . 

Y without evaporation 

The correction factor decreased from 1 at the start of 
the cultivation to a minimum between 0.60 and 0.71 
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(depending on the duration of the cultivation) at the 
end of the cultivation. All presented results and calcu- 
lations throughout this work are based on the concen- 
trations corrected for evaporation. Evaporation rates 
were similar in all experiments and therefore did not 
result in a biased comparison between the slml and wt 
in any way. However, evaporation and the accompanying 
concentration effect did increase the steepness of the light 
gradient in the reactor and reduced light penetration and 
biomass specific light absorption rates. 

Analyses 
Dry weight 

The dry weight concentration was determined by filtrating 
culture broth over preweighted glass fiber filters and meas- 
uring the weight increase of the filters after drying at 95°C 
as described by Kliphuis et al. [43]. 

Total fatty acid 

The total fatty acid (TFA) concentration was determined 
by a sequence of cell disruption, total lipid extraction in 
chloroform: methanol, transesterification of acyl lipids to 
fatty acid methyl esters (FAMEs), and quantification 
of FAMEs using gas chromatography as described by 
Breuer et al. [44]. Tripentadecanoin was used as an in- 
ternal standard. 

TAG 

The TAG concentration was determined by separating 
the total lipid extract, obtained using the aforemen- 
tioned method, into a TAG and polar lipid pool using a 
solid phase extraction column (SPE) as described by 
Breuer et al. [29], followed by transesterification and 
quantification of the fatty acids in the TAG pool as de- 
scribed by Breuer et al. [44]. 

Starch 

The starch concentration was determined using an 
AA/AMG Total Starch Kit (Megazyme, Ireland) with 
modifications as described by de Jaeger et al. [28]. The 
procedure consisted of a sequence of cell disruption, 
starch precipitation using an aqueous solution of 
80% ethanol, enzymatic hydrolysis of starch to glucose 
monomers using ct-amylase and amyloglucosidase, and 
a spectrophotometric-based assay for quantification of 
glucose monomers. 

Dissolved nitrate 

Dissolved nitrate was analyzed in supernatant using a 
Seal analytical AQ2 nutrient analyzer (SEAL Analytical 
Inc., USA) according to the manufacturer's instructions. 



Fv/Fm 

Pulse amplitude modulation (PAM) fluorometry was used 
to determine the Fv/Fm ratio using an AquaPen AP-100 
fluorescence spectrophotometer (PSI, Czech Republic) 
according to the manufacturer's instructions. Cultures 
were diluted in demineralized water to an optical density 
of 0.4 at 750 nm in a cuvette with a light path of 10 mm 
(equivalent to a concentration of 0.2 g DW/1) and adapted 
to dark conditions for 15 min prior to the measurement. 
It was confirmed that longer dark-adaptation times did 
not affect the results. 

Absorbance spectrum and absorbance cross section 

Cell suspensions were diluted to an optical density at 
750 nm of 1.4 tol.6 as measured in a cuvette with a 
1 cm light path. Subsequently, the absorbance spectrum 
was measured in these diluted cell suspensions with a 
Shimadzu UV-2600 integrating sphere spectrophotom- 
eter in the spectrum 300 to 750 nm, which results in the 
absorbance spectrum corrected for scattering. Residual 
scattering was calculated as the average absorbance 
between 740 and 750 nm and subtracted from the ab- 
sorbance spectrum. From this absorbance spectrum, 
the average biomass dry weight specific absorbance 
cross section between 400 and 700 nm (a, unit: m /g) 

E700 , ln(10) 
iQQ absx — - — - 

was calculated as a = 300DW — - — , where abs x 

is the absorbance at wavelength A, z the light path of 
the cuvette (0.002 m), and DW the dry weight con- 
centration (g/m 3 ). 

Appendix A Calculation of the photosynthetic 
yield of biomass constituents 

TAG consists of a glycerol backbone with three fatty acids. 
Because approximately 50% of the fatty acids in TAG are 
oleic acid molecules in S. obliquus [29], triolein is used as 
the reference TAG molecule to calculate the photosyn- 
thetic yield of TAG. In the production of one molecule of 
oleic acid from C0 2 , 70 molecules of nicotinamide adenine 
dinucleotide phosphate (NADPH) and 71 molecules of 
ATP are required and 18 molecules of nicotinamide aden- 
ine dinucleotide (NADH) are produced. In the production 
of the glycerol backbone 7 NADPH and 9 ATP are con- 
sumed [45]. Finally, in the condensation of the fatty acids 
to the glycerol backbone, it is assumed that 1 ATP is con- 
sumed for each fatty acid. This results in the net utilization 
of cofactors as presented in Eq. Al: 

217 NADPH + 225 ATP 

+ 54 AZAD+^1 triolein + 217 NADP + 

+ 54NADH + 225 ADP + 225P, (Al) 

Similarly, one glucose monomer of starch can be 
produced using 19 ATP and 12 NADPH (Eq. A2). It 
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is assumed that production of other carbohydrates 
(such as cell wall cellulose) is similar to production of 
starch in terms of metabolic requirements. 

12NADPH 

+ 19 ATP— >1 starch glucose monomer 

+ 12NADP+ + 19ADP + 19 Pi (A2) 

The required cofactors can be provided using photosyn- 
thesis through either linear electron transport (theoretical 
maximum: 8 photons — > 3 ATP + 2 NADPH) or cyclic elec- 
tron transport (theoretical maximum: 2 photons — > 1 ATP). 
Furthermore, it is assumed that oxidative phosphorylation 
can be used to provide 2.5 ATP using 1 NADH. 

Using these stoichiometric relationships, it can be 
calculated that a minimum of 868 mol photons are re- 
quired to produce 1 mol of triolein and a minimum of 
50 mol photons are required to produce 1 mol of 
starch glucose monomers. Using the molecular weights 
of triolein (885 g/mol) and starch glucose monomers 
(162 g/mol), theoretical maximum yields of 1.02 g TAG/mol 
photon and 3.24 g starch/mol photon can be found. 
Note that according to the stoichiometric relationship 
of triolein production, additional NADH is produced 
(Eq. Al). If this NADH can be used to reduce NADP + 
to NADPH, the yield of TAG on photons could increase 
to 1.36 g TAG/mol photon. 
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